This report focuses on a systematic search for Cry proteins in Bacillus spp. other than B. thuringiensis by analyzing reported Bacillus spp. genomes, using conserved sequences from the C-terminal half of reported Cry proteins in hidden Markov model profiles. A high-throughput model based on the use of HMMER and CD-HIT tools was designed, which identified Cry proteins. This model was used on 857 reported Bacillus spp. genomes, where 174 Cry protein sequences were identified, mostly, as expected, in B. thuringiensis genomes but, interestingly, 42 were identified on other species. Despite including 89 species of Bacillus in the HMMER analysis, Cry protein sequences were found only in genomes from species within the B. cereus group. According to the species registered at the NCBI database containing each genome, this group was formed by 18 non-B. thuringiensis strains. However, when sequences in those genomes were analyzed by multilocus sequence typing, the number of non-B. thuringiensis strains increased to 39, indicating that as many as 119 Cry protein sequences were found in four non-B. thuringiensis species. Therefore, dispersion of Cry proteins is much wider and frequent than previously thought, questioning its role in nature.
Introduction
Bacillus thuringiensis is a Gram-positive, sporogenic bacterium, biotechnologically developed as bioinsecticide due to its potent δ-endotoxins with activity against a number of insect pests important in agriculture and health programs (Palma et al. 2014 ). The proteinaceous δ-endotoxins form parasporal bodies, typically called "crystals", simultaneously to the spore, and show insecticidal activity against many lepidopteran, dipteran, and coleopteran pests (Peng et al. 2015) . The δ-endotoxins can be classified within two families: Cry and Cyt proteins, being the former the most diverse type, with more than 800 reported sequences to date, most of them of so-called "three-domain" Cry toxins (Crickmore et al. 2017) . Their mode of action has been widely studied, mostly on lepidopteran species. Once activated in the insect's midgut, Cry proteins are able to form pores in gut cells, which causes osmotic instability and cytolysis, leading to a general septicemia of the insect (De Maagd et al. 2001; Bravo et al. 2007 Bravo et al. , 2013 Sauka and Benintende 2008; Palma et al. 2014; Melo et al. 2016; Zhao et al. 2017) .
From all the reported Cry proteins known to date, a overwhelming majority have been found in B. thuringiensis (Crickmore et al. 1998) . In fact, the presence of the parasporal body, or crystal within the sporangium, segregates this species from other highly related species within the B. cereus group. However, some papers have reported the presence of Cry proteins (or cry genes) in other bacilli. Barloy et al. (1996) found a Cry protein (Cry16Aa1) from Clostridium bifermentans, showing mosquitocidal activity, and 2 years later they found another new Cry protein (Cry17Aa1) in the same species, with no significant mosquitocidal activity, though (Barloy et al. 1998) . Later on, a Cry protein classified as Cry18Aa1, highly similar to Cry2Aa1, was found in the obligate pathogen of white grubs (scarabeid larvae) Paenibacillus popilliae (Zhang et al. 1997) , followed by the discovery of Cry18Ba1 and 1 3
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Cry18Ca1 proteins in the same bacterial species. Also, in a related species, P. lentimorbus, Yokoyama et al. (2004) discovered the Cry43Aa1 and Cry43Ba1 proteins, as well as some other cry43-like sequences, close-by in the genome. Cry43Aa1 showed some ingestion inhibition and high mortality on Anomala cuprea larvae. More recently, two Cry proteins, Cry48Aa1 and Cry49Aa1, were discovered in Lysinibacillus sphaericus (Jones et al. 2007 ). Interestingly, similar to the interaction between the Bin toxins of the same species, Cry48Aa1 and Cry49Aa1 complement each other to express their insecticidal activity. This was the first time this type of phenomenon was observed among Cry proteins.
In spite of these reports, the distribution of Cry proteins among bacillaceous bacteria is poorly studied, and new findings have been the result of chance or serendipity, rather than of a systematic exploration. For example, universal primers designed to amplify any three-domain Cry protein were used in a systematic search for cry genes from a collection of B. thuringiensis isolates, discovering three new type Cry proteins: Cry57Aa1, Cry58Aa1, and Cry59Aa1 (Noguera and Ibarra 2010) .
On the other hand, given the cumulative number of genomes available in the NCBI gene bank, an in silico approach to find Cry genes from other bacilli is feasible. For this purpose, the hidden Markov models (HMM) have proven to be highly effective to analyze massive amounts of data. These models have been successfully applied on sequence analyses, discovery of genes, and characterization of protein families (Restrepo-Montoya et al. 2011) . One HMM profile is statistically and probabilistically intrinsic, which is ideal to quantitatively evaluate if an individual sequence belongs to a given profile (Gong et al. 2012) . HMM profiles have been widely used in the protein families Pfam database, which makes possible to search, classify, and characterize protein families. Also, these models have been used to identify transmembrane proteins, signal peptides, identification of carotenoid genes, identification of new genes coding for trypsin type proteases, among other uses (Chen et al. 2003; Liu et al. 2003; Tonhosolo et al. 2009 ). This approach has been used before to search for Cry proteins (Ye et al. 2012) ; however, the model detected many false positives.
Search for new Cry proteins is still valid as some have shown new host ranges (Méndez-López et al. 2003) , higher toxicity (Reinoso-Pozo et al. 2016) , or different mode of action, which may render alternatives in case of resistance development (Tabashnik et al. 1993) . This is the reason why this report is focused on a systematic search for Cry proteins, focused on non-B. thuringiensis species, as a source. Our approach followed an in silico search for Cry proteins among 857 reported genomes of Bacillus spp.
Materials and methods

Search for representative clusters
A database was constructed with most of the Cry protein sequences found in the master database described in http://www.lifes ci.susse x.ac.uk/home/Neil_Crick more/ Bt/, excluding those out of the "three-domain" group of proteins and those showing minimum differences. Preliminary attempts to build a cluster of sequences from the N-terminal half of the molecules failed when trying to build a hidden Markov model. Therefore, only those so-called "complete" sequences, which include the nontoxic, C-terminal half of the molecule were selected. That is, all the so-called "naturally truncated" proteins were excluded. All selected sequences were obtained from the NCBI database, available by 2017. This database of Cry protein sequences was scrutinized with the cd-hit-v4.6.7. software (https ://githu b.com/weizh ongli /cdhit /relea ses), which has been widely used to analyze large groups of sequences. Clusters were integrated with sequences showing between 50 and 90% identity. Then, the suitability of each cluster was analyzed individually with the MEGA7 software (http://www.megas oftwa re.net/downl oad_form). The basic CD-HIT algorithm classified the sequences, both long and short ones, taking representative sequences from each cluster, which was classified as redundant or representative sequence according to its similarity to other representative sequences. The best advantage of this algorithm is its high speed to analyze the sequences and its use of filters of "short words" which cancel many unsuitable alignments (Huang et al. 2010; Fu et al. 2012; Weizhong et al. 2012) . For the development of this model, cluster construction was based on 70% sequence similarity between the Cry proteins, along with some other criteria mentioned below to increase its stringency.
Construction of Hidden Markov Models
The HMMER V3.1b2 software (Eddy 1998 ) was used to construct a high-throughput HMMs profile to analyze the Cry protein sequences from the constructed database. Once clusters were obtained with the CD-HIT software as explained above, other criteria were added to the analysis, as follows: (a) sequences were eliminated from the database if they were incomplete, or if their δ-endotoxins do not show the typical three domains of the toxic region of the Cry proteins; (b) the Cry proteins called "naturally truncated" lack the half C-terminus, only the toxic fragment remaining; as the model is based on the C-terminal fragment, those "naturally truncated" Cry proteins, with less than 800 amino acids, were also excluded from the analysis; and (c) only clusters containing more than five aligned sequences that fulfilled the described criteria were included in the analysis.
Sequences with at least 70% identity that fulfilled the criteria described above were read with the hmmbuild algorithm within the HMMER software to create an HMM profile. The algorithm generated a *.hmm file (Cry.hmm, available on request) containing a consensus sequence for the "complete" Cry protein family. Then the hmmsearch algorithm was used to search for Cry proteins in the Bacillus spp. database constructed for this purpose, which contains all the registered genomes within this genus. The model was restricted to show only Cry proteins with an e-value lower than 1 × 10E-5 and more than 30% identity, as used earlier (Gong et al. 2012; Muñoz-Medina et al. 2015) .
Validation of the HMM profile
To validate the HMM profile constructed as described above, a strain that includes both "complete" and "naturally truncated" Cry proteins was used as well as its acrystaliferous mutant. This strain was B. thuringiensis ssp. israelensis IPS-82, which contains four Cry proteins, but only two are complete (Cry4A and Cry4B). Its mutant 4Q7 (Jeong et al. 2014) , lacks the pBtoxis plasmid (Berry et al. 2002) , which contains all the cry genes of this strain. Additionally, the validation of the HMM profile verified if the Cry proteins identified by the algorithm were actually annotated as Cry proteins.
Multilocus Sequence Typing (MLST)
As the main objective of the work was to find Cry protein sequences in non-Bacillus thuringiensis strains, and due to the possibility of misidentification of the bacterial species whose sequences are registered in the NCBI database (Liu et al. 2015) , further verification of the species identification which each genome was obtained from was carried out. All the ST and allelic profiles from each genome were obtained from PubMLST.org, to be examined by MLST analysis (Larsen et al. 2012) . Some incomplete loci were sent to the MLST-1.8 server at the Center for Genomic Epidemiology (CGE). MLST concatamers were analyzed with MEGA7 (Tamura et al. 2011 ) and iTOL (Interactive Tree of Life) (Letunic and Bork 2016) software to build a dendrogram, both, to correlate the analyzed genomes to a species associated with a reference strain, according to the MLST analysis; and to correlate the presence of a Cry protein to a particular species. The analysis included starting values with 1000 replicates. This information helped to compare the distribution of Cry proteins among the different species of Bacillus described in the NCBI database, with those species identified by our MLST analysis.
Results
Clustering of Cry proteins by CD-HIT and HMM profile construction
By 2017, 791 sequences were reported in the cry gene database (http://www.lifes ci.susse x.ac.uk/home/Neil_Crick more/Bt/). Once sequences were excluded, according to the criteria mentioned in M&M, alignments of the remaining sequences showed identities between 50 and 90%. As expected, clusters were fewer if the identity level was set at 50%, but the number of sequences per cluster was higher. Obviously, if identity was set at 90%, the number of clusters increased but with a lower number of sequences per cluster. Preliminary analyses of the sequences within each cluster indicated clearly that the N-terminal half of the molecules was more diverse than the C-terminal half, which was found highly conserved. From these observations, it was decided to design the HMM profiles from the C-terminal halves of the Cry proteins, being conscious that the "naturally truncated" Cry proteins were excluded from the analysis but, instead, the HMM profile precision increased significantly.
Once the criteria to design the HMM profiles were fulfilled (see M&M), six clusters were obtained, which included 111 conserved sequences. These sequences were manually edited by eliminating almost all the N-terminal halves and keeping the C-terminal halves to develop the HMM model. With these sequences, an HMM profile was obtained that was able to find 586 consensus positions (Cry. aln file available on request).
Validation of the HMM model
Once the HMM profile was designed, it was validated with the genomic DNA from B. thuringiensis ssp. israelensis (wild type) and its acrystalliferous mutant 4Q7. B. thuringiensis ssp. israelensis harbors the pBtoxis plasmid (missing in the 4Q7 mutant), which expresses four Cry proteins: Cry4Aa, Cry4Ba, Cry11Aa and Cry10Aa. The model accurately identified only the Cry4Aa and the Cry4Ba proteins, as they are the only ones in this strain that present the C-terminal half. Additionally, the model identified three annotations named pBt025, pBt026, and pBt048, which correspond to fragments of a Cry28-like protein (pBt025 and pBt026) and to a C-terminal fragment of a Cry4-like protein (pBt048). The model showed no identification in the mutant strain 4Q7, as expected.
Identification of Cry proteins by hmmsearch
Once 857 reported genomes from bacteria registered within the genus Bacillus, contained in 89 different species (including B. thuringiensis), were used to construct a database, the HMM model was tested and a total of 174 putative Cry proteins were identified (Online resource 1). From the 89 different species of Bacillus analyzed, Cry proteins were found only in three species: B. thuringiensis, B. cereus, B. subtilis; and two unknown species: Bacillus sp. strain L1B05 and Bacillus sp. strain LIB08, according to the species registered at the NCBI database. Once sequences of the 174 proteins were analyzed by hmmsearch, 125 were confirmed to be Cry proteins, 44 were identified as "hypothetical proteins", and five more as "unknown" protein products. However, when these unmatched sequences were analyzed "manually" with the NCBI's tool Blastp, all these sequences showed significant similarities with Cry proteins. Table 1 shows the 12 Cry subgroups identified in the genomes by the HMM model, as well as the number of proteins in each group and their frequency. As expected, Cry1-type proteins were more frequently found (43.68%), represented by 15 different subgroups, followed by the Cry4-type (19.54%), represented by four subgroups (Table 1) .
Most importantly, from the 174 proteins identified by the HMM model, 42 were found in species different to B. thuringiensis, according to the species registered at the NCBI database. From these 42 sequences, 36 were found in genomes of B. cereus, five in unidentified bacilli (Bacillus spp.), and one in a genome registered at the NCBI database as a strain of B. subtilis. However, when detailed analyses of several gene sequences from the latter genome were made (data not shown), they indicated that this strain actually belongs to the B. cereus group rather than to B. subtilis, and, therefore, this report includes this genome as another Bacillus sp. strain. In general, similar to the total recount, Cry1-type proteins were more frequent in B. cereus, among other types. Only Cry4A, Cry14, and Cry40A were found in genomes of unidentified bacilli (Table 2) .
Species identification by MLST analysis of genomes with Cry sequences
Because the 857 analyzed genomes belong to 89 different species within the Bacillus genus, and 174 putative Cry proteins were found in 60 different genomes, the identification of the bacterial species containing those 60 genomes was verified by MLST analysis to corroborate (or refute) the identification registered at the NCBI database. It is a fact that, with some frequency, a proper identification of bacteria from the registered genomes to the NCBI database might be erroneous (Liu et al. 2017) , mostly if those species belong to the B. cereus group, where the species discrimination is difficult. Therefore, concatamers were built from the reported genomes that showed the presence of Cry proteins and an MLST analysis was carried out, to verify the species identification. Figure 1 shows the distribution of these genomes in a dendrogram, where 12 reference species were added. As observed, all the analyzed genomes containing Cry protein sequences are distributed among species that belong to the B. cereus group (separated by lines in Fig. 1) . Cry proteins detected in each genome are shown in Fig. 1 (see the corresponding genome in Online resource 1). Twenty-five genomes were related to the B. cereus clade, 21 genomes to the B. thuringiensis clade, five genomes to the B. anthracis clade, one genome to the B. mycoides clade, and one more to the B. toyonensis clade, a species that was recently reported to belong to the B. cereus group (Liu et al. 2017) . No concatamers could be made from the remaining seven genomes. It is important to notice that 38 species reported in the NCBI database containing these genomes show a discrepancy with the identification based on our MLST analysis (Online resource 2). If this analysis is valid, then the number of Cry protein sequences found in non-B. thuringiensis increased from 42 to 119, indicating that Cry protein sequences were more frequent in non-B. thuringiensis strains than in B. thuringiensis strains.
Discussion
The great diversity of Cry proteins, totaling more than 800 different sequences registered to date (http://www.lifes ci.susse x.ac.uk/home/Neil_Crick more/Bt/), within 75 different holotypes, may indicate that this family of proteins may not be restricted only to the species B. thuringiensis. In fact, there are previous reports about the presence of Cry proteins in other bacilli, such as C. bifermentans, P. popilliae, P. lentimorbus, and L. sphaericus (Barloy et al. 1996 (Barloy et al. , 1998 Zhang et al. 1997; Yokoyama et al. 2004; Jones et al. 2007 ). Nevertheless, those findings were more the result of chance or serendipity, rather than following a systematic search, either based on an in silico procedure or the use of a large collection of different species of bacilli. The approach followed here may change the concept that associates Cry proteins only with B. thuringiensis and may even change the association of Cry proteins only to an insecticidal activity, as suggested earlier (Melo et al. 2016) .
The number of genomes available in the NCBI database has increased geometrically in the past years (Land et al. 2015) . That makes it an extraordinary source to search for specific genes; however, the amount of data to analyze is exceptionally large. That is why special tools have been developed for this type of analyses, such as the hidden Markov model profiles (Eddy 1998; Yoon 2009 ). The development of a specific profile to search for Cry genes in 857 genomes of Bacillus spp. clearly indicated that this family of proteins can be found in other species different to B. thuringiensis, as 42 sequences related to Cry proteins were found in B. cereus and three unidentified bacilli.
The HMM profile developed here proved to be valid to detect Cry proteins containing the C-terminal half as it verified the detection of Cry4A and Cry4B from B. thuringiensis ssp. israelensis, but excluded Cry11 and Cry10, which lack the C-terminal half of the molecule, during the validation test of the model. Interestingly, the profile was able to detect other sequences related to other Cry genes in the same strain. According to the pBtoxis plasmid sequence, these sequences exist, but lack their N-terminal half. Several reports support this observation as well as natural disconnections of the N-terminal half from its C-terminal half (Ito et al. 2002; Ohgushi et al. 2005; Hernández-Soto et al. 2009; Noguera and Ibarra 2010; Barboza-Corona et al. 2012; Sun et al. 2013) . In any case, this validation indicated that the developed HMM profile was able to detect any C-terminal sequence of a Cry protein, independently of the presence of its N-terminal half. Besides, the same subspecies, but without the pBtoxis plasmid, showed negative results, as expected. However, at the same time, a shortcoming of this HMM profile is evident, as the so-called "naturally truncated" Cry proteins, such as Cry2, Cry3, Cry11, etc., cannot be detected by this profile. Nevertheless, the HMM profile developed here was totally efficient to detect three-domain "complete" Cry proteins, as compared with a similar report (Ye et al. 2012) where the development of an HMM profile to search for Cry proteins also detected many false positives.
The number of Cry proteins found with the HMM profile was higher than expected (174), but it was biased due to the large number of B. thuringiensis genomes included in the database. However, the number is still high (Vilas-Bôas et al. 2007) if it is considered that 42 sequences were found in species different to B. thuringiensis. As expected, most of these sequences were found in the highly related species B. cereus (Rasko et al. 2005 ) but, still, five more were found from two unidentified bacilli (Bacillus spp.), and one from a strain originally reported as B. subtilis at the NCBI database; however, our analysis showed that it also belongs to the B. cereus group, as well as the other two Bacillus sp. strains.
It is important to note that the results from this work showed that all the putative Cry proteins were found in species belonging to the B. cereus group, even if the 857 genomes analyzed belonged to 89 Bacillus species. This observation may indicate that all cry genes are innate to this group, regardless if they form a parasporal crystal or not. And yet, a work is underway on a database with genomes from other genera of the family Bacillaceae. Although this approach is still too far from clarifying how disperse and diverse is this protein family among bacteria, it is expected to answer many of these questions, as the number of genomes increases as well as of metagenomes.
These results validate the question about the evolutionary advantage and/or physiological role of Cry proteins, whether in B. thuringiensis or not, as just a handful of these proteins show high insecticidal toxicity. As shown here, Cry proteins are highly dispersed and frequently found, at least in the B. cereus group. Labeling all these as insecticidal proteins would be a mistake, meaning that much work is still to be done to find the real context of these proteins.
Furthermore, it was clear that there is a lack of taxonomic confirmation in the NCBI sequence database. The most evident case was the reported genome from a B. subtilis strain which was actually a species within the B. cereus group. Most importantly, from the MLST analysis of the 60 strains showing putative Cry proteins, 38 (63%) showed a difference with the species identification reported at the NCBI database (Liu et al. 2015) . If the MLST results were accepted as valid in our analysis, the proportion between the Cry proteins found in B. thuringiensis strains versus non-B. thuringiensis strains changes dramatically. From 132 Cry proteins originally found in B. thuringiensis, it would change to only 55, and from 42 Cry proteins originally found in non-B. thuringiensis, it would increase to 119 found in four species, indicating that Cry protein sequences are more frequent in non-B. thuringiensis strains than in B. thuringiensis strains. This change would affect the conclusion about the distribution of Cry proteins in the Bacillus species, although it would not change about their distribution within the B. cereus group.
The search for new Cry proteins is important not only for the reasons explained above, but new Cry proteins in other species different to B. thuringiensis may also explain the origin of such a diverse family and, perhaps, new roles, other than their insecticidal activity, mostly on the ecology of these bacteria, rather than on its metabolism. These results question the idea about the role of B. thuringiensis in nature which is still uncertain, mostly because, as mentioned, the overwhelming majority of natural isolates show very low or no insecticidal activity, and new roles in nature have been observed (Lopez-Meza and Ibarra 1996; Zhang et al. 1997; Juárez-Pérez et al. 2003; Yokoyama et al. 2004; Ito et al. 2006; Peng et al. 2015; Melo et al. 2016; Jouzani et al. 2017 ). This report shows that it is feasible to find Cry proteins beyond B. thuringiensis, and how important the systematic search for Cry proteins is, to solve many question on the real role of these proteins (and B. thuringiensis) in nature.
